a metric that combines information on F ST levels and the direction of allele frequency differences between the four natural population pairs on Adenostoma and Ceanothus [hereafter referred to as parallel divergence SNPs, n = 439 SNPs; these results are robust to different metrics of parallelism and quantile cutoffs (table S3) ]. These parallel divergence SNPs exhibited a 1.5-fold enrichment for being in coding regions of genes compared with expectations from all SNPs (13 and 8%, respectively, P < 0.001, randomization test), consistent with a role for coding changes even early in speciation.
Gene ontology (GO) analyses revealed that parallel divergence SNPs reside in regions containing genes involved in a range of putative biological processes, including metabolism and signal transduction, and exhibiting various molecular functions [we used GO annotations from the nearest gene on the same scaffold for each parallel divergence SNP (table S4) ]. Metal ion binding and calcium ion binding were the two statistically overrepresented molecular functions in regions harboring the parallel divergence SNPs (seven-and threefold enrichment relative to all SNPs, P < 0.00001 and P = 0.01, respectively, randomization test). Specifically, almost half of the parallel divergence SNPs with molecular function GO annotations (20 of 41 = 48.8%) were in regions harboring genes implicated in metal ion binding, compared with only 6.6% of all SNPs. Consistent with these results from SNPs, the 32 parallel HMM divergence regions associated with parallel divergence in the experiment contained genes related to binding of metals (e.g., iron) and calcium (table S5) . Local adaptation to balance the nutritional versus toxic effects of metals has been described in other insects (23) , and metals are known to affect traits that differ between the T. cristinae ecotypes, such as pigmentation and mandible morphology (24, 25) .
Last, we examined the function of SNPs that were divergent between only a single population pair (i.e., nonparallel divergence SNPs, n = 440) (19) . These SNPs were in regions significantly enriched for genes exhibiting several functions, including one that involved metal binding [i.e., zinc ion binding, P < 0.05, randomization test (table S6) ]. This finding raises the possibility that nonparallel genetic divergence is sometimes the result of adaptive divergence between host ecotypes and that it includes cases of parallelism at the functional level, although further work is required to test these hypotheses.
Our data show that early stages of parallel speciation in T. cristinae involve mostly nonparallel genetic divergence between ecotypes. However, numerous regions of the genome have diverged in parallel, and these include more coding genes than expected by chance and harbor loci showing experimentally induced allele frequency changes between hosts. These results indicate that divergent selection plays a role in repeated genomic divergence between ecotypes. Furthermore, our results suggest that, although repeated evolutionary scenarios (i.e., replaying the tape of life) would likely result in idiosyncratic outcomes, there may be a repeatable component driven by selection that can be detected, even at the genome-wide level and during the complex process of speciation. To obtain spectra from animal tissues, we developed a heavy mouse enriched by about 20% in the NMR-active isotopes carbon-13 and nitrogen-15. The resulting spectra allowed us to refine an in vitro model of developing bone and to probe its detailed structure. The identification of an unexpected molecule, poly(adenosine diphosphate ribose), that may be implicated in calcification of the bone matrix, illustrates the analytical power of this approach.
U
nderstanding the atomic-level structure of the extracellular matrix (ECM) of tissues is a prerequisite for detailed understanding of both biological and mechanical functions of those tissues. However, while nanoscopic and longer structural length scales can be studied by various forms of microscopy (1-3), there is a paucity of techniques able to probe atomic-level structures in such complex and heterogeneous materials as the ECM. Multidimensional nuclear magnetic resonance (NMR) spectroscopy is capable in principle of yielding structural information (4-6), even in such a difficult situation, but only if 13 C and 15 N labeling of the molecular 16 MAY 2014 VOL 344 SCIENCE www.sciencemag.org components of interest can be achieved. Specific isotope labeling is difficult in vivo, but there are, at least in principle, many more possibilities for such labeling in vitro. The problem is that there is no certainty that an in vitro-grown tissue will have atomic-level structures representative of those in vivo and, worse, there are currently no ways of directly checking the similarity of in vivo and in vitro tissues on this length scale. We show here that the structural sensitivity of multidimensional solid-state NMR spectra can solve both of these problems, allowing us to refine as well as validate the atomic structure of an in vitro model of developing bone. Probing the atomic structures and composition of the ECM by NMR requires no a priori knowledge; this feature, in combination with the feasibility of specific isotope labeling in our in vitro model that is not possible in vivo, has allowed us to detect the presence of an unexpected sugar species at the calcification front in developing bone that could also be important in pathological calcification. Our first step was to develop a heavy mouse in which the protein components of its tissues are ubiquitously enriched in 13 C and 15 N (~20%), so that we could record reference multidimensional NMR spectra of native tissues that act as fingerprints for the underlying molecular structures. 13 C-enriched collagen has previously been produced through feeding with single isotope-enriched amino acids (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) C-Gly, 15 N Gly, and Pro-2-d 2 ) (7, 8) , and 15 N enrichment of tissues is now common practice for quantitative mass spectroscopy. Here, though, we require enrichment of many amino acid types with both 13 C and 15 N, so our protocol took account of the fact that isotopelabeling may adversely affect metabolism. It resulted in a mouse with significant isotopic enrichment of all collagenous tissues. (See the supplementary materials for a description of materials and methods.) These tissues allowed high-quality two-dimensional (2D) 13 C- 13 C and 13 C- 15 N correlation spectra to be recorded on intact tissues (Fig. 1 sample preparation. For example, in mouse calvarial bone,~20% of amino acid residues incorporated are fully 13 C, 15 N-labeled. As shown in Fig. 1 , two different NMR spectral analyses were performed on each tissue sample:
(i) 13 C-
13
C double-quantum-single-quantum (DQ-SQ) spectrum (9) (Fig. 1A) , which consists of pairs of 13 C signals from pairs of close, i.e., bonded, carbons (within 2 Å) in the so-called SQ spectral dimension, which are centered at the sum of their respective signal frequencies in the DQ dimension. This type of spectrum resolves the detailed 13 C chemical shift distributions for each carbon signal; in turn, the chemical shift distribution reflects the distribution of molecular geometries present in the sample.
(ii) 13 C-
C proton-driven spin diffusion (PDSD) spectrum (Fig. 1C) , which correlates pairs of 13 C spins via through-space dipolar coupling (10), potentially allowing correlations between more distant (up to~10 Å) carbon pairs than the DQ-SQ spectrum to be observed. Two-dimensional The DQ-SQ spectrum (Fig. 1A) allows resolution of signals that were previously overlapped in 1D spectra of pure collagen (11), enabling measurement of separate 13 C signals for Pro Ca [59.1 parts per million (ppm)] and Hyp Ca (57.8 ppm). The DQ-SQ spectrum further allows resolution and assignment of 13 C signals for almost all amino acid types in collagen (see fig. S1C and table S1). It is to be noted that the 13 C chemical shifts of all the main-chain carbons are considerably lower than generally found for the same residues in other proteins; these low chemical shifts are diagnostic of the collagen triple helical motif and occur because the 13 C chemical shift is highly sensitive to local molecular geometry, i.e., to peptide dihedral angles (5) and chemical bonding as well as primary sequence (12) . As well as resolving the full 13 C chemical shift distribution for each amino acid residue type, the DQ-SQ spectrum displays the correlations between the chemical shift distributions of neighboring carbon atoms and so serves as a sensitive monitor of the detailed local environments for each residue type in the collagen structure. For instance, the glycine C a and C′ signals in the DQ-SQ spectrum each show a distribution of chemical shifts, and these are linearly correlated with each other as indicated in Fig. 1A ; each pair of correlated C a and C′ Gly chemical shifts within this distribution represents a particular molecular Gly microenvironment, the relative intensity of the correlation indicating the relative abundance of that molecular microenvironment in the overall protein structure.
These 2D NMR spectra thus represent "fingerprints" of the underlying atomic structures within the native mouse tissue. Our second step is to use these fingerprints to determine the fidelity of an in vitro bone model. In vitro tissue was grown from low-passage fetal sheep primary osteoblasts in medium containing U- N enriched, so that more than 50% of the total amino acid residues in the collagens are likely to be labeled.] Comparison of these spectra with those from the heavy mouse bone tissue allowed an immediate assessment of the similarity of the atomic structures between the in vitro and in vivo tissues. Detailed comparison indicated in what respects the two tissues differed on the atomic length scale and so suggested ways of improving the cell culture protocol, generating the in vitro tissue to produce more native-like tissue. The main spectral differences are some signal intensity to the high-frequency side of the Pro, Hyp, and Gly signals for the in vitro tissue that are lacking for native tissue (fig. S2A) . The higher frequency of these signals indicates that they are from residues not in a collagen triple-helical motif. The signals are more intense after the sample has been sonicated ( fig. S2B ) and therefore most likely arise from Pro, Hyp, and Gly in unfolded or misfolded collagen-like proteins or fragments, which is consistent with their higher chemical shift values. These signals were reduced by minimizing the shear stress on the cells in culture while they were laying down ECM, by reducing the frequency of culture medium renewal and minimizing disturbance of the cells during this process (fig. S2, C  and D) . The in vitro tissue was judged to be optimal when the 2D spectra showed a high degree of similarity to those of the native mouse tissue (Fig. 1,  B and D) , indicating that the molecular geometries in the two tissues are very similar. Furthermore, scanning electron microscopy (SEM) of the optimized in vitro ECM (to examine nanoscale structure) showed a highly organized matrix of parallel fibrils, similar to native bone ( fig. S3, A and B) , and atomic force microscopy (AFM) showed correct assembly of triple helices into the characteristic Fig. 2 . Overlay of ssNMR PDSD spectra for in vivo and in vitro tissues, highlighting spectral regions where they differ. PDSD spectra of labeled mouse calvarial bone (black) and in vitro fetal ovine osteoblast ECM (red) cultured in the presence of U- 13 C Gly, Pro. Differences between the spectra in the range of chemical shift values shown in the red spectrum are likely to arise from unfolded or misfolded proteins in the in vitro sample (see also fig. S2A ). fig. S3C ) and, based on these results, would also be judged as representative of native tissue at a nanoscopic level. There is still some signal from unfolded or misfolded collagen proteins in the optimized tissue (Fig. 2) . Such species may cause deleterious immune responses in tissue grown in vitro for implants, for instance, so knowledge of their presence is important. These species cannot be detected by microscopy without a suitable immune label and, by implication, a priori knowledge of these species, nor would such proteins be expected to affect the collagen fibril structure; thus, they would not be apparent under SEM or AFM.
67-nm banded fibril (
Our refined in vitro tissue model allows us to study the sugar components of a tissue as well as the collagen proteins. The sugars in matrix glycoproteins and proteoglycans are essential parts of the ECM structure-collagen glycosylation, for instance, is necessary for proper fibril formationyet atomic structures of sugars in intact tissue are understudied in comparison to proteins, largely because of a lack of methods to probe them. Moreover, we have previously shown that a sugar species yet to be identified is important in the organicinorganic interface in bone (13), so we decided to monitor the sugar species present in developing bone and examine how far collagen glycosylation might be involved in the organic-inorganic interface. Isotope-enriching tissue sugars in an animal model would be extremely challenging because sugars are rapidly metabolized, but it is feasible in our in vitro model. Thus, our next step was to generate 13 C enrichment of the sugar species in our in vitro ECM, achieved by addition of U- 13 C-glucose to the cell culture medium. This procedure resulted in extensive 13 C enrichment of collagen glycosylations (14) , which were assigned using typical chemical shifts for the expected glycosylation products of collagen type I supported by information from spectral through-space correlations (Fig. 3A) , plus the spectra in figs. S4 to S8, as detailed in tables S3 and S4. The molecular species previously identified at the organic-inorganic interface in bone have signals in the range 72 to 78 ppm (and include a component from mineralassociated citrate at~76 ppm). Moreover, it has been shown that all of these signals are due to carbons closer in space to phosphorus (and, by implication, mineral phosphate) than collagen protein . S9) (13, 15) . The spectrum in Fig. 3A shows that the main signal intensity from the collagen glycosylation here occurs between 72 and 75 ppm; thus, we conclude that collagen glycosylation species are predominantly closer to mineral crystals in bone than is the collagen protein itself. Because the mineral crystals in bone are close-packed between the collagen fibrils (16) , this implies that the collagen glycosylation must lie between the collagen fibrils and mineral crystals-i.e., that the collagen glycosylation must lie predominantly on the collagen fibril surfaces. However, there is further signal intensity due to carbons close in space to phosphorus in bone, in particular a weaker signal at~66 ppm, as shown in fig. S9 and elsewhere (13, 15) . There is a broad signal at~66 ppm in our 2D correlation spectra, but it does not correlate with any signals from collagen glycosylation carbons; furthermore, we noted that there were other signals in the sugar region of the 13 C 2D correlation spectra (Fig. 3A ) not assignable to collagen glycosylation, nonenzymatic protein glycation, or typical tissue proteoglycans. Detailed analysis of the signal frequencies and their correlations in 2D 13 C-13 C PDSD and DQ-SQ correlation spectra (Fig. 3B) show that these correspond closely to the signals that might be expected for poly[adenosine diphosphate (ADP) ribose] (PAR) and ADP ribose (ADPR) (assignment in tables S6 and S7 and figs. S10 and S11). If these signals are indeed from such species, then they must be in an extracellular environment, because all cells have been removed from the in vitro ECMs before the NMR experiments, as verified by SEM. Furthermore, they must be immobilized in the ECM to give signals in the correlation spectra and sufficiently well bound not to be removed by repeated washing during sample preparation.
PAR is a post-translational modification of cellular, particularly nuclear, proteins and is involved in DNA repair and the regulation of cell survival and death. Neither PAR nor ADPR have been previously reported as components of the ECM, nor to the best of our knowledge has there been any suggestion that they might exist in, or form persistent attachments to, the ECM. The largely nuclear role documented to date for these species meant that their presence in our in vitro tissue was unexpected. Accordingly, we examined an ex vivo model of developing bone, fetal sheep growth plate, for the presence of PAR by staining and confocal laser fluorescence microscopy (Fig. 4) . The images in Fig. 4 show the presence of substantial quantities of PAR in the calcifying region of the growth plate in comparison with the adjoining unmineralized hypertrophic cartilage. The PAR appears both in close proximity to cell nuclei, i.e., intracellular, and in regions where there are no cell nuclei, i.e., presumably extracellular. Thus, its presence in our in vitro tissue models has been confirmed in a comparable native tissue model.
PAR is generated in cells from nicotinamide adenine dinucleotide (NAD + ) by PAR polymerase (PARP) enzymes (17, 18) . Overactivation of PARPs leads to cellular ATP and NAD + depletion and drives cell necrosis (17, 19) . Osteoblast necrosis is an essential part of bone mineralization in vivo (20) , with 65 to 85% of bone osteoblasts suffering this fate within mineralizing zones (21) . Osteoblast necrosis is thought to be necessary to make space for the forming mineral crystals, but our results here suggest it may have an additional purpose. Cell necrosis results in release of cell contents into the surrounding ECM, and this process is presumably how PAR ends up in the ECM in developing bone. That PAR binds to the ECM at the same time as the matrix is beginning to mineralize is potentially important. The charged pyrophosphate groups of PAR have high calcium affinity, and its polymeric structure makes it a candidate as a scaffold for mineral formation. Moreover, PAR has a binding affinity for collagen type XII (22) , a FACIT (fibril-associated collagens with interrupted triple helices) collagen that decorates the surface of collagen type I fibrils, the majority collagen type in bone; because it is between such fibrils that the bulk of bone mineral forms, we conclude that bound PAR can also be in the right place to act as a scaffold for mineral formation. Furthermore, previous work has shown that if organic phosphate esters are removed from demineralized bone, the bone cannot be remineralized (23) , which suggests that the species responsible for nucleating bone mineral crystals has been removed by this process. The organic phosphate esters concerned have been assumed to be phosphorylated proteins, but our work shows that there is another possible species, namely the PAR polysaccharide. Other work has shown that polyanions such as polyaspartate can induce biomimetic mineralization of collagen matrices by stabilizing a mineral precursor phase (24, 25) , but no such polyanion has yet been reported in the context of native bone ECM. PAR, however, fits the description. Moreover, we have previously shown that the same distribution of sugar species at the organic-inorganic interface in bone occurs in pathological calcification in arteries as well (26) , and cell death and necrosis always precedes these pathologies (27) , so PAR may be a feature in pathological calcification also.
In conclusion, NMR comparisons of 13 C, 15 N-enriched in vivo and in vitro tissues allows the fidelity of the atomic structure of the in vitro model to be ascertained. Our first application of a dual in vivo-in vitro NMR-based approach toward understanding the atomic structures of tissues has led to the identification of a molecule in the ECM of developing bone likely to be relevant to matrix calcification and capable of binding mineral to the collagen matrix. This molecule, PAR, is more commonly associated with nuclear proteins but most likely to be present in the ECM of forming bone due to cell necrosis associated with bone development. PAR may also be relevant to the initiation of pathological vascular calcification, which we have previously shown involves similar sugar species to those in bone (26) . In addition, having the ability to understand differences between an in vitro and in vivo tissue in terms of their respective molecular structures-here, the presence of misfolded collagen proteins in the in vitro tissue-raises the possibility of more rational refinement of in vitro tissue models.
